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We  study  thermoelectric  transport  properties  through  a  gate  defined  T-coupled  quantum  dot,  describing 
the  system  at  base  with  the  single  impurity  Anderson  model  (SIAM),  whose  corresponding  Green's 
functions  are  calculated  employing  the  finite  correlation  U  atomic  approach.  We  compute,  with  the 
linear  approximation  for  the  thermoelectric  transport  coefficients,  the  electrical  and  thermal  conduc¬ 
tance  (G  and  I<],  the  thermopower  S,  the  product  of  the  thermoelectric  figure  of  merit  and  the 
temperature  ZT,  for  all  the  regimes  of  the  SIAM:  empty  quantum  dot,  intermediate  valence,  Kondo,  and 
double  occupation,  at  different  temperatures;  the  treatment  employed  extends  the  results  obtained  for 
the  limit  of  infinite  [/-Coulomb  repulsion  in  the  quantum  dot,  and  has  a  many-body  character,  which  is 
absent  in  Green’s  function  descriptions  that  employ  mean  field  approximations.  Our  main  result 
connects  the  ZT  behavior  with  the  interplay  between  the  thermopower  and  the  violation  of  the 
Wiedemann-Franz  relation;  the  results  are  in  good  agreement  with  other  recent  theoretical  papers  that 
employ  the  numerical  renormalization  group  (NRG),  different  Green's  function  approximations,  and 
some  experimental  reports. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  possibility  of  employing  nanoscopic  systems  as  thermal 
rectifiers,  that  enhance  efficiency  of  the  macroscopic  devices 
through  control  of  the  energy  transport  on  a  microscopic  scale,  is 
responsible  for  the  renewed  interest  in  the  thermoelectric  effects  of 
nanoscopic  systems  in  the  last  few  years  [1-15],  The  necessity 
of  reducing  the  de-coherent  effects  linked  with  the  temperature, 
in  order  to  obtain  and  control  the  entanglement  states  for  the 
quantum  computation,  is  a  strong  motivation  for  researching  the 
physics  linked  to  the  refrigeration  process  in  nanoscopic  systems. 

Recently,  the  experimental  realization  of  nanoscopic  thermal 
rectifiers  was  reported  [8],  as  well  as  Coulomb  control  over  the 
refrigeration  process  in  a  mesoscopic  system  [12],  In  this  paper, 
we  study  the  electrical  conductance  (G),  thermopower  (S),  thermal 
conductance  ( k )  and  the  product  of  the  thermoelectric  figure  of 
merit  and  the  temperature  (ZT),  in  a  single  quantum  dot  (QD)  side 
coupled  to  a  quantum  wire  modeled  by  a  ballistic  channel,  as  a 
function  of  the  gate  voltage,  which  controls  the  energy  level  of 
the  QD. 
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To  solve  the  problem  we  employed  the  finite  correlation  U 
version  of  the  Atomic  Approach  (UAP)  treatment  for  the  single 
Anderson  impurity  model  (SIAM)  [16].  This  treatment  presents  a 
many-body  character  that  originates  the  Kondo  effect,  in  contrast 
to  mean  field  approaches,  that  usually  describes  the  infinite  U  limit 
of  the  SIAM  [5,6,9,10,13-15],  Our  results  are  consistent  with  those 
recently  obtained  by  Costi  and  Zlatic  [1]  and  Yoshida  and  Oliveira 
[2],  both  employing  numerical  renormalization  group  theory,  and 
with  some  recent  experimental  reports  [7,8],  This  method  is  able 
to  capture  the  low  temperature  physics,  dominated  by  the  Kondo 
effect  as  well  as  the  region  T  ~  A,  with  A  the  Anderson  parameter, 
where  the  charge  fluctuation  processes  are  dominant. 

The  thermoelectric  figure  of  merit  Z  =  S2G/k  [3,5,9,13]  is  a 
measure  of  the  usefulness  of  materials  or  devices  for  thermopower 
generators  or  cooling  systems.  Since  Z  for  simple  systems  varies  in 
inverse  proportion  to  the  temperature  T,  it  is  convenient  to 
calculate  ZT,  which  indicates  the  system  performance: 


In  ordinary  metals,  the  thermal  and  electrical  conductances  are 
related  to  the  same  scattering  processes  with  only  weak  energy 
dependence.  This  is  the  main  reason  that  metals  exhibit  lower  ZT 
values.  However,  in  nanoscopic  systems  the  situation  changes 
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completely,  due  to  the  level  quantization  and  the  Coulomb  inter¬ 
action,  which  drastically  changes  the  thermoelectric  properties  of 
the  system.  For  ordinary  metals,  the  Wiedemann-Franz  law  states 
that  the  relation  between  the  thermal  and  electrical  conductances, 
defined  by  the  Lorenz  ratio 


Representation  of  the  possible  transitions  present  in  the  finite 
U  atomic  SIAM  Hamiltonian.  Ix  =  1,3  destroy  one  electron  with 
spin  up  and  Ix  =  2,4  destroy  one  electron  with  spin  down.  We  use 
a  =  +  and  a  =  —  instead  of  a  =  t  and  a  =  J,  to  emphasize  that  the 
spin  belongs  to  a  local  electron. 


(2) 


is  a  constant  given  by  the  Lorenz  number  L„  =  (n2/3 )(kB/e)2,  where 
kB  is  the  Boltzmann  constant  and  e  is  the  electron  charge.  In  our 
calculations,  we  worked  with  the  Wiedemann-Franz  law  in  the 
form 


L__^_ 

U  ifitfgTG 

Employing  Eqs.  (1)  and  (3),  \ 
_  3S2e2 


(3) 

(4) 


This  equation  shows  that  the  violation  of  the  Wiedemann- 
Franz  law  can  lead  to  an  increase  of  ZT  in  regions  where  W  <  1.  In 
regions  where  the  Wiedemann-Franz  law  is  valid  (W=l),  only 
high  values  of  S  >  (yj n2 /3)(kB / e)  assure  ZT  >  1,  a  necessary  con¬ 
dition  in  order  for  the  system  to  be  employed  in  thermoelectric 
devices  [3,5,9], 


2.  Model  and  theory 


3.  The  atomic  approach  for  the  single  impurity  Anderson 
model  (SIAM) 

In  three  previous  papers  [16-18]  we  developed  a  simple 
method  that  employs  the  atomic  solution  of  the  periodic  Anderson 
model  (PAM)  as  a  “seed”  to  generate  approximate  Green's  func¬ 
tions  in  order  to  describe  the  Rondo  physics  of  the  Anderson 
impurity  model.  In  the  paper  [18]  we  develop  the  theory  of  the 
method;  we  obtain  the  exact  formal  Green's  functions,  valid  both 
for  the  PAM  and  for  the  SIAM,  which  is  given  by  the  Dyson 
equation 

Gf=Mff-(I-Aff)-1,  (9) 

here  A„  =  W„  •  M“f  and  M“f  are  the  atomic  cumulants  of  the 
model.  From  this  equation,  we  can  calculate  the  cumulants  Mff 
as  follows: 

Mff  =  (I+G^  •  WCT)-1  •  G^,  (10) 

and  for  an  impurity  located  at  the  origin  WCT  is  given  by 

wt(z)=ivrVt(z)(]  ]),  (ii) 


We  employed  the  SIAM  in  the  representation  of  the  Hubbard 
operators  to  describe  an  embedded  QD,  connected  to  a  paramag¬ 
netic  leads  system 

H=  2  2  Ek,actkanCkaa  +  2  EqP,oXqp,oo 

+  I  ’E(vaxtQPfiacKa,a+H.c) 

a  =  L,Rk,<rX  2 

+(EQD,a  +  U)X0Didd  (5) 

where  the  first  term  describes  the  leads  at  the  right  (R)  and  the  left 
(L)  of  the  QD,  and  the  second  corresponds  to  the  QD,  considering 
the  presence  of  a  localized  QD  level  with  energy  Eqd.ct.  here 
(XQD,aa)  =  riQD,a<  and  Q<-QP0o)  =  nQp,-o-  The  third  term  is  the  tun¬ 
neling  term,  in  this  the  amplitude  Va  is  responsible  for  the 
tunneling  between  the  QD  and  the  lead  a.  For  simplicity,  we 
assume  symmetric  junctions  (i.e.  VL  =  VR  =  V )  and  identical  leads. 
The  last  term  is  the  U  Coulomb  repulsion  between  the  localized 
electrons  in  the  QD,  taking  into  account  the  existence  of  a  level 
with  energy  EQD +  U,  for  the  double  occupation  case,  linked  to  the 
Hubbard  operator  XaDdd. 

The  Hubbard  operators  are  convenient  for  working  with  the 
local  state  linked  to  the  QD,  and  are  defined  in  general  by  Xpah  = 
|p,  a)(p,  fa |  [16-19],  The  identity  relation  in  the  reduced  space  of  the 
localized  states  at  the  QD  site,  expressed  in  terms  of  the  Hubbard 
operators,  is 

X00+XBa+Xar!+Xdd  =  I,  (6) 


Wi(z)=|V|Vt(z)(^_11  (12) 

where  for  a  rectangular  band  with  half-width  D  in  the  interval 
[A,B],  with  B  =  A+2D  we  have 


where  the  chemical  potential  p  appears  in  ipa(z)  because  e(k,  a)  = 
Ek,a-)i  in  e"ff(k,z). 

These  exact  Green's  functions  can  be  expressed  in  terms  of  the 
cumulants  that  are  associated  with  the  transitions  represented  in 
Table  1 

c/(to)  Mf3(ift>)  -\V\2(pr(ia>)(m'nmri  -  mnm3])V 

f  ~  l-\V\2(pt(ia))(mn  +  m33  +  mi3  +  m3ti 


Gf  .  =  M^(i'a>)  - 1  V|  V;(i<o)(m22ni44  -  m24m42)I 

1  1  - 1  V| 2  tpl(iw)(m22  +  JTI44  +  m24  +  m42) 

where 


and 


m13\ 

m33  )’ 


M^(  ia>)  = 


/  m22 

y  m42 


(15) 


(16) 


(17) 


where  I  is  the  identity  operator.  Associated  with  this  relation,  the 


occupation  numbers  for  the  QD, 

n„  =  (Xaa)  =  )  /  doo  Im(G^ff(z))nF, 

(7) 

satisfy  the  “completeness”  relation 

n0+na+Tia  +  ndd=  1.0. 

(8) 

We  use  the  index  Ix  =  1,2, 3, 4,  defined  in  Table  1,  to  character¬ 
ize  these  X  operators. 


are  the  atomic  cumulants  calculated  from  the  atomic  Green's 
functions.  The  details  of  the  atomic  approach  derivation  are  not 
given  in  the  present  paper,  since  the  cumulants  and  the  atomic 
Green's  function  calculations  can  be  found  in  Ref.  [16],  In  the  same 


/*  12  3  4 


a  =  (b,  a)  (0, +)  (0,-)  (-,d)  (+,d) 
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way,  we  can  obtain  the  conduction  G“(k,k',i®)  and  the  cross 
G)f(k ,ico)  Green's  functions,  whose  details  of  their  derivation  are 
included  in  an  electronic  archive  deposited  at  the  Los  Alamos 
electronic  repository  [19], 

The  atomically  exact  Green's  function  )  of  the  atomic 
problem  [16]  satisfies  a  Dyson  equation  of  the  same  form  as 
Eq.  (9),  but  now  in  terms  of  the  atomic  cumulants 

g£®  =  M®  ■  (I  -  W X')  “ 1  (18) 

and  from  this  equation  we  obtain  the  exact  atomic  cumulant  M® 
M®  =  (I+g£®  •  W"r'  ■  c/f,  (19) 

where 


Wj(z)  =  |A|2^(z)(^_11 


and 


<&)  = 


z-e0-p' 


(20) 

(21) 


(22) 


This  equation  corresponds  to  the  zero-width  band  located  at  e0, 
namely  the  bare  conduction  Green's  function.  In  the  computa¬ 
tional  calculation  we  fix  the  chemical  potential  at  p  =  0  and  vary 
the  conduction  atomic  level  £0  in  such  a  way  that  the  Friedel  sum 
rule  can  be  satisfied  [16] 


Pfo((°)\a<  =  K 


sin  \mfa) 

A  n 


(23) 


where  Pfa(a>)  U  =  A,  is  the  density  of  states  of  the  localized  level  at 
the  chemical  potential  and  n/j(J  is  the  occupation  number  per  spin 
of  the  localized  state  and  A  =  jiV2pc(aj)\mmlt  =  j[V2/2D  is  the 
Anderson  parameter. 

The  approximated  atomic  cumulant  M“p  (Eq.  (19))  is  obtained 
by  replacing  Eqs.  (20)-(22)  in  Eq.  (19)  and  Green's  functions  are 
obtained  substituting  the  cumulants  obtained  in  the  same  manner 
described  above  in  Eqs.  (14)  and  (15).  This  procedure  overesti¬ 
mates  the  contribution  of  the  c  electrons  [20]  because  we  concen¬ 
trate  them  at  a  single  energy  level  ea,  and  to  moderate  this  effect 
we  replace  V2  with  A2  in  Eqs.  (20)-(21). 


4.  Thermoelectric  properties 

Dong  and  Lei  [3]  derived  the  particle  current  and  thermal  flux 
formulas,  through  an  interacting  QD  connected  to  leads,  within  the 
framework  of  the  Keldysh  non-equilibrium  Green's  functions  (GF). 
The  electric  and  thermoelectric  transport  coefficients  were  obtained 
in  the  presence  of  the  chemical  potential  and  temperature  gradients 
with  the  Onsager  relation  in  the  linear  regime  automatically 
satisfied.  We  can  calculate  the  linear  thermopower 

S=(^)(c7>  <24» 


the  thermal  conductance 


and  the  electrical  conductance 


with  the  transport  coefficients  given  by 


(27) 

‘"-T?  /(?>'«"»' 

(28) 

‘—f  5/ 

(29) 

where  nF(®)  is  the  Fermi-Dirac  distribution  function  and  Tn(oi)  = 
r2\G0o,a(o})\2  is  the  transmittance  for  the  electrons  with  spin  a. 
Goo  ff(®)  is  the  local  GF  at  the  QD  site,  which  for  a  T-shaped  lateral 
QD  is 

Goo.of®)  =  G"  (®)  + (G®  (®))2  V2  Gqp(co)  ,  (30) 

r  =  V2/A  with  A  =  jiV2pc(oo)\01  =  fl  =jiV2/2D  being  the  mixing 
width  between  the  QD  and  the  leads,  pc(o))  =  1  /2D  being  the  DOS 
for  the  conduction  band,  associated  with  the  leads  described  by  a 
ballistic  channel  and  the  GF 


where  ®  =  00+11)  (^->0+)  and  D  is  the  semi-width  of  the 
conduction  band. 

Within  the  atomic  approach  the  QD  GF  c£(®)  is  given  by  Eqs. 
(14)  and  (15). 


5.  Results  and  discussion 

In  our  calculations,  we  chose  the  following  parameters 
A  =  7TV2pc(co)\w=lj  =  nV2/2D=  1,  with  p  =  0  being  the  chemical 
potential,  D=100A  the  half-width  of  the  conduction  band,  and 
U  =  20 A  the  energy  linked  to  the  electronic  Coulomb  repulsion  in 
the  QD;  all  the  energies  are  expressed  in  A  units. 

In  Fig.  1  we  show  the  electrical  conductance  G  as  a  function  of 
the  QD  energy  (EqD),  for  different  temperatures.  At  temperatures 
T  ~  A  the  curve  exhibits  a  plateau  in  the  central  region,  at  around 
the  symmetric  limit  (£qD=  — 1//2  =  -10A).  As  we  decrease  the 
temperature  a  destructive  interference  occurs  between  the  elec¬ 
trons  that  go  through  the  ballistic  channel  and  the  electron  that 
“visits”  the  quantum  dot  and  returns  to  the  ballistic  channel.  This 
is  the  manifestation  of  the  Kondo  effect  in  that  system  [1,2,14,16], 
As  the  temperature  is  decreased,  the  Kondo  effect  generates  a 
destructive  quantum  interference  process,  associated  with  the 
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Fano  anti-resonant  character  of  the  system,  which  causes  the 
depression  of  the  electrical  and  thermal  transport  properties  at 
around  the  symmetric  point  of  the  model  EqD  =  —U/2=  —10 A. 

For  intermediate  temperatures,  there  are  two  dips  at  around 
the  regions  where  strong  charge  fluctuations  in  the  QD  exist, 
linked  to  the  entrance  of  one  electron  in  the  QD  (right  dip)  and 
two  electrons  in  the  QD  (left  dip).  The  plateau  in  G  between  those 
two  dips  is  associated  with  the  competition  between  the  cotun¬ 
neling  process,  including  the  Kondo  effect,  which  has  the  char¬ 
acteristic  of  being  mediated  by  virtual  quantum  processes,  and  the 
sequential  resonant  tunneling  associated  with  the  difference  of 
energy  required  to  put  a  second  electron  in  the  QD  (U  parameter 
-  Coulomb  blockade)  [21-23].  When  the  temperature  increases 
over  the  Kondo  temperature,  the  Kondo  effect  disappears,  and 
with  it  the  cotunneling  process  linked  to  the  spin-flip  process.  The 
resonant  tunneling  and  the  Coulomb  blockade  are  responsible  for 
the  minimum  dips  in  G.  The  non-unitary  value  between  the  dips  is 
due  to  the  cotunneling  process,  not  suppressed  with  the  increase 
of  the  temperature.  These  results  are  in  agreement  with  recent 
reports  obtained  by  NRG  [2]  in  the  same  system  studied  by  us  [13], 
and  in  a  qualitatively  similar  system  of  diluted  magnetic  impu¬ 
rities  introduced  into  a  conduction  channel  [1  ]. 

Fig.  2  shows  the  results  of  the  thermal  conductivity  normalized 
by  the  temperature,  3 e2K/Tn2k^  vs.  the  QD  energy  £QD  at  different 
temperatures.  At  very  low  temperatures,  the  behavior  is  similar  to 
that  obtained  for  the  electrical  conductance  G  vs.  EqD  (see  Fig.  2), 
but  at  r=10_2A  it  is  evident  that  in  the  Kondo  regime 
3e2xyT;r2kjj  G  (see  Fig.  2).  Because  of  the  Fermi  liquid  character 
of  the  system  we  expected  complete  equality,  associated  with  the 
validity  of  Wiedemann-Franz  law;  that  is,  the  system  loses  its 
Fermi  liquid  character  at  low  temperatures  in  the  Kondo  regime, 
and  as  a  consequence  the  Wiedemann  Franz  law  is  no  longer  valid. 
This  is  a  very  reasonable  result,  taking  into  account  the  strongly 
correlated  character  of  the  system  in  the  Kondo  regime  at  low 
temperatures.  The  destructive  quantum  interference  processes 
linked  to  this  configuration,  cause  a  minimum  in  the  Kondo 
regime  at  low  temperatures.  At  intermediate  temperatures,  the 
minima  in  it  are  associated  with  the  charge  fluctuations  in  the  QD, 
at  the  energy  values  required  for  the  entrance  of  one  electron 
(Eqd  ~fi  =  O.QA)  and  two  electrons  (EqD  ~fi+U=  20 A)  in  the  QD. 
Our  results  are  very  similar  to  those  reported  by  Yoshida  and 
Oliveira  [2]  in  the  same  system  studied  by  us,  and  to  the  results  of 
Costi  and  Zlatic  in  a  system  of  diluted  magnetic  impurities 
introduced  into  a  conduction  channel  [1],  employing  NRG  treat¬ 
ment  in  both  cases. 


Fig.  2.  The  quantity  3e2K/Tn2kl  vs.  Eon  for  different  temperatures. 


Fig.  3.  Linear  thermopower  (S)  vs.  the  QD  energy  (£QD)  for  different  temperatures. 

In  Fig.  3  we  show  the  linear  thermopower  (S)  vs.  the  gate 
voltage  of  the  QD,  here  represented  by  the  QD  energy  (Eqd).  at 
different  temperatures.  The  linear  thermopower  result  shows 
the  oscillatory  behavior  characteristic  of  the  system,  similar 
to  that  reported  for  the  immersed  QD  case  [1-5,9,13],  but 
changing  the  sign  of  S  at  low  temperatures;  the  change  of  this 
sign  was  previously  reported  by  Yoshida  and  Oliveira  [2] 
employing  NRG  and  Castellanos  et  al.  [14]  using  the  X-Boson 
approach  for  the  single  impurity  Anderson  model  in  the  same 
system,  and  by  Costi  and  Zlatic  in  a  system  of  diluted  magnetic 
impurities  [1], 

As  in  the  embedded  QD  case  [1-5,9,13],  the  oscillatory  behavior 
of  S  is  linked  to  the  different  regimens  of  the  system  and  the 
derivative  of  the  density  of  states  for  the  QD,  as  a  function  of  the 
energy  [3,13],  The  T-shaped  QD  exhibits  an  important  difference 
when  compared  to  the  immersed  case:  the  higher  S  values  are 
obtained  when  we  lower  the  temperatures,  which  agrees  with 
previous  results  obtained  for  the  same  system  (T-shaped  QD) 
employing  NRG  by  Yoshida  and  Oliveira  [2],  Qualitatively,  the 
behavior  of  S  is  similar  to  that  reported  for  the  immersed  QD  case, 
at  low  temperatures  the  S  sign  changes  at  around  the  symmetric 
limit  (£qd  =  —  U/2  =  — 104),  where  due  to  the  Kondo  resonance  in 
the  density  of  states  the  system  exhibits  a  symmetry  electron- 
hole.  Since  the  contribution  of  electrons  is  minus  the  contribution 
of  holes,  S  is  zero  in  the  symmetric  limit  point.  The  change  in  S  is 
shown  in  the  Kondo  region  (  -3U/4  <  E00  <  -  D/4),  associated 
with  different  contributions  of  holes  and  electrons  at  the  sides  of 
the  symmetric  limit  point.  At  higher  temperatures,  the  peaks  in  S 
are  displaced  to  the  regions  of  strong  charge  fluctuations,  at 
EqD  ~h  =  0.04,  where  the  charge  fluctuations  are  associated  with 
single  occupation  of  the  QD,  and  at  £qD  ~  fi+U  =  20 A,  where  the 
charge  fluctuations  are  associated  with  the  double  occupation  of 
the  QD. 

Fig.  5  shows  the  ZT  vs.  the  QD  energy  £qD  for  different 
temperatures.  At  high  temperatures,  the  system  has  poor  thermal 
efficiency  in  all  the  regimes,  but  at  lower  temperatures  in  the 
regions  where  the  thermopower  exhibits  its  maximum  value,  ZT  is 
close  to  the  unit  (ZT  ~  0.8).  This  behavior  is  the  opposite  of  that 
obtained  for  the  QD  immersed  case,  where  the  ZT  value  grows 
with  the  increase  of  the  temperature  [1,13]  in  the  transition 
between  the  empty  QD  and  the  Kondo  regimes.  Since  ZT  is 
proportional  to  the  S2  (cf.  Eq.  (4)),  the  maximum  value  obtained 
for  this  quantity  closely  follows  the  behavior  of  the  thermopower, 
as  indicated  in  Fig.  3.  On  the  other  hand,  the  Wiedemann-Franz 
law  (WFL)  W  =  3e2K/7t2k%TG,  represented  in  Fig.  4  as  a  function  of 
the  QD  energy  EqD,  shows  that  at  low  temperature,  due  to  its  high 
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value,  it  contributes  to  decreasing  the  ZT  value  in  the  Kondo  region 
at  around  the  symmetric  limit. 

Recently,  the  violation  of  the  WFL  due  to  the  existence  of  a  Fano 
antiresonance,  linked  to  the  presence  of  at  least  two  conduction 
channels,  a  resonant  one  and  a  non  resonant  one,  was  linked  to 
the  enhancement  of  the  product  ZT  in  a  double  quantum  dot 
molecule,  without  electronic  correlation  in  the  dots  [24];  a  result 
in  agreement  with  other  recent  papers  that  associate  the  violation 
of  the  WFL  with  the  enhancement  of  the  ZT  value  [25,26],  The 
system  considered  in  this  paper,  we  have  the  Fano  anti-resonant 
character,  associated  with  the  existence  of  a  resonant  channel  (the 
QD)  and  a  direct  non-resonant  channel  (the  quantum  wire),  where 
Fano  antiresonance  is  manifest  in  the  minimum-dips  for  the 
electrical  conductance  G,  when  charge  fluctuations  in  the  QD  are 
present.  Our  results  show  the  violation  of  the  WFL  in  the  Kondo 
regime  at  low  temperatures,  with  the  highest  ZT  values  obtained 
at  the  “limits”  of  the  Kondo  regime  at  low  temperatures,  near  the 
beginning  of  the  charge  fluctuations  region  in  the  QD,  where  a 
strong  Fano  anti-resonant  character  is  present.  That  is,  our  results 
are  in  qualitative  agreement  with  those  obtained  by  Gomez-Silva 
et  al.  An  important  difference  with  respect  to  the  Gomez-Silva 
et  al.  paper  is  that  in  our  case  we  have  strong  electronic  correlation 
in  the  QD,  and  the  WFL  violation  is  not  due  to  the  Fano  character  of 
the  system.  In  our  case,  the  many-body  interactions  at  the  QD  in 


eqd/a 


Fig.  7.  The  Wiedemann-Franz  law  W  =  3e1K/TGiilk^  vs.  EQD  for  different 
hybridizations. 


Fig.  8.  The  product  between  the  thermal  figure  of  merit  and  the  temperature  ZT  vs. 
Eqp  for  different  hybridizations. 


the  Kondo  regime  at  low  temperatures  are  the  cause  of  this 
condition. 

In  Fig.  6,  we  show  the  linear  thermopower  (S)  vs.  the  gate 
voltage  of  the  QD,  here  represented  by  the  QD  energy  (Eqp),  at 
different  hybridizations.  The  main  effect  of  the  increase  of  the 
hybridization  is  to  diminish  the  distance  between  the  S  peaks.  This 
effect  seems  to  be  related  to  the  violation  of  the  Wiedemann- 
Franz  relation,  as  indicated  in  Fig.  7,  because  according  to  this 
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figure  the  region  where  W  is  violated  diminishes  with  the  increase 
of  the  hybridization.  These  two  effects  produce  the  ZT  curves 
indicated  in  Fig.  8.  The  ZT  maximum  is  completely  related  to  the 
maximum  of  the  thermopower  once  ZT  is  proportional  to  S2, 
whereas  the  Wiedemann-Franz  violation  only  contributes  to 
diminishing  the  ZT  values  in  the  region  between  the  peaks,  once 
ZT  is  inversely  proportional  to  W  and  its  value  in  that  region  is 
greater  than  unity  (see  Eq.  (4)). 

6.  Conclusions 

We  studied  thermoelectric  transport  properties  through  a  QD 
side  coupled  to  a  ballistic  conduction  channel.  The  results  obtained 
are  consistent  with  some  earlier  papers  employing  NRG  [1,2],  In 
this  way,  we  conclude  that  the  U  finite  atomic  approach  for  the 
SIAM  is  an  adequate  theoretical  tool  for  computing  the  thermo¬ 
electric  transport  properties  of  the  model,  with  the  advantage  of 
its  simplicity  and  the  analytical  derivation  of  the  GF's  [16], 

The  results  for  the  product  of  the  thermoelectric  figure  of  merit 
and  the  temperature  ZT  show  two  maximum  values,  at  low 
temperatures,  which  are  completely  determined  by  the  interplay 
between  the  thermopower  behavior  and  the  violation  of  the 
Wiedemann-Franz  relation  close  to  the  “limits”  of  the  Kondo 
regime.  Under  these  conditions,  the  charge  fluctuations  are  not 
present  (the  occupation  in  the  QD  but  strong  spin 

fluctuations  are  expected,  linked  to  the  Kondo  effect.  That  situa¬ 
tion  would  present  the  best  possibility  of  practical  application  of 
the  system  in  the  development  of  thermoelectric  devices. 

Our  results  are  in  qualitative  agreement  with  a  recent  paper 
that  links  an  enhancement  of  the  thermal  efficiency  ZT  with  the 
existence  of  a  Fano  anti-resonant  character  that  causes  the  viola¬ 
tion  of  the  WFL  [24],  and  with  other  papers  that  associate  the  ZT 
improvement  with  the  violation  of  the  WFL  [25,26],  The  values  of 
the  thermal  efficiency  ZT  show  an  enhancement  in  a  region  of  a  set 
of  parameters  where  a  violation  of  the  WFL  is  present,  with  a  Fano 
anti-resonant  character,  but  the  cause  of  the  violation  of  the  WFL 
is  not  linked  to  the  Fano  anti-resonant  character,  it  is  due  to  many- 
body  interactions  in  the  QD.  We  conclude  that  a  system  with  a 
Fano  anti-resonant  character  and  simultaneously  a  violation  of  the 
WFL  would  exhibit  an  enhancement  of  the  thermal  efficiency  ZT, 
without  the  violation  of  the  WFL  necessarily  being  due  to  the  Fano 
character  of  the  system. 

Finally,  our  results  for  the  thermopower  S  and  electrical 
conductance  G  are  qualitatively  very  similar  to  those  reported 
experimentally  for  a  QD  immersed  in  a  conduction  channel  [7,8]; 


taking  into  account  that,  for  the  T-shaped  QD  case,  are  present  dips 
and  not  tips  in  G  vs.  E0D,  and  the  thermopower  sign  of  S  vs.  EqD 
changes  (S->  —  S)  [1,2,15],  this,  because  to  the  destructive  quantum 
interference  process  associated  to  the  quantum  scattering  of 
electrons  and  holes  by  the  QD;  that  in  the  immersed  QD  case  is 
manifested  by  a  constructive  quantum  interference  process. 
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